Abstract-The work presented concerns the development of a value driven engineering design assessment framework and its application to the conceptual design of an Unmanned Air System (UAS) to be utilised in a defence application. In the field of MultiDisciplinary Design Optimization, most recent systematic search has been devoted to fixed topology parametric geometries, pertaining to a single concept, with very little stress put on the optimization of variable topologies describing alternative design concepts. Instead of pertaining to a single aircraft concept, a broad range of combinations of UAS configurations and geometries is generated by systematically searching alternative concepts and design configurations through a novel parameterization of the aircraft geometric topologies. Moreover, value, related to the designed system's capabilities or performance and lifecycle cost, is used to compare different alternatives in the decision making of engineering design through the appropriate value model. Following a value-focused approach, a novel multi-attribute value model is introduced for objectively capturing the user's preferences and expectations. Furthermore, a more sophisticated multi-attribute utility model, based on standard Multi-attribute Utility Theory, is employed in the evaluation. This research demonstrates the implementation of the value driven design philosophy in this framework, identifying value enhancing designs, with value not converted to monetary worth but as perceived by the user. The ultimate objective of this framework is to convert engineering design to a decision making analysis with multiple conflicting objectives considered.
INTRODUCTION
ACCORDING to Wiese [1] , the successful exploration of the design space in the generic engineering design needs to be a) 'systematic', in the way all potential solutions are proposed and evaluated against the main objectives; b) 'iterative', using both simulation and prototyping to assess them; and c) 'multidisciplinary', encompassing all important considerations across different disciplines. All essential aspects of all lifecycle stages need to be addressed to study the designed system, its elements and their interactions with the wider environment. Starting from the development and production to the final stage of disposal, appropriate features of the designed system are employed in the evaluation of any proposed solution.
The search for an optimum arrangement should not be limited only to traditional solutions, currently or commonly used. Following the Value Driven Design (VDD) approach introduced by Collopy and Hollingsworth [2] , the design of a small Unmanned Air System (UAS) for defense use is distinguished/developed after removing any design constraints and extensively exploring the design space to identify design alternatives based on decision opportunities reflecting the user's values. For example and similar to Fig. 11 presented by Collopy and Hollingsworth [2] , when two objectives are taken into account, the attribute space for the UAS conceptual design can be plotted in two dimensions. Fig. 1 shows two design requirements, namely total UAS program cost and operational surveillance time. The Total Program Cost has to be lower than a certain value, say £600,000, and the endurance when flying at design speed has to be larger than another value, say 1hr. The feasible UAS design space based on the available technology could also be defined as the space above the curve, shaded in green. Any design inside the feasible design space that fulfils both requirements can be chosen. When the VDD approach is followed and based on the objective function, capturing the user's preferences, the optimal design could be the one in the yellow square. This UAS design would be the optimal design based on the user's preferences, since, although it exceeds the design requirement of total UAS program cost of £600,000, it can achieve a much higher endurance time of 1.5hr. The value driven conceptual design assessment framework assesses the "value" of proposed systems solutions by employing the multiple criteria decision analysis approach to address all of the economic and non-economic needs of the user and to identify the value-enhancing design(s).
This research is directed towards the following considerations:
• Employment of a wide range of UAS platforms.
• Quick and efficient design exploration.
• System definition in a terminology and language relevant to the designer, easily amended and replaceable for higher accuracy.
• Unit acquisition costing system and operational scenarios defined, to obtain accurate estimates of life cycle cost.
• Value/Utility assessment and refinement analytically derived from needs/requirements and all relevant design attributes.
II. VALUE DRIVEN ENGINEERING DESIGN
Through the iterative engineering design process of Fig. 2 , several potential design solutions, with different characteristics are generated and evaluated against the primary objectives to select the best one, as proposed by Hazelrigg [3] . The first step in the engineering design process is to define the stakeholders' needs/requirements covering the complete lifecycle of the product. Identifying and structuring these needs as objectives articulates the values of the user, directing both the collection of information and decision making, during the generation and evaluation of potential alternative solutions respectively, as Keeney [4] describes. In the proposed value modelling framework, the user of the UAS was assumed as the only stakeholder and the hierarchy of their objectives and corresponding design attributes is presented in Fig. 3 The systems engineering approach introduced in the engineering design process by Hazelrigg [5] , is still the dominant integrating framework for engineering design. However, Collopy and Hollingsworth [2] proposed a value centered optimization process to address delays and cost overruns experienced in engineering design, following the same approach of breaking the system to subsystems and components; but utilizing the system value model/objective function instead of the design requirements being flown down to the subsystems and components.
The UAS conceptual VDD framework is presented in Fig.  4 . The chosen design variables are varied to generate feasible design points in the Define phase of the cycle. Next, values for the extensive attributes are calculated in the Analyse phase. These attributes, in the case of an aircraft could be specific fuel consumption, range, endurance, acquisition cost, lifecycle cost etc. They can satisfy or not the requirements in the traditional way of engineering design, providing feasible and infeasible design points respectively and the process will stop, or they will be inputs to the value model to obtain a value index for the specific design point, during the Evaluate phase. The process carries on, in the Search phase through some optimisation algorithm, or simply by obtaining more design points. 
A. Aircraft Geometric Topologies
The aircraft geometries are generated by parameterizing geometric topologies, allowing for the widest possible exploration of the design space as advocated by the VDD philosophy. Hence, instead of performing a single concept design optimization, a broad range of UAS configurations is obtained and evaluated. In this novel approach, the generation and hierarchical coding of topological designs of aircraft are based on fundamental design selections:
1. Starting from the fundamental requirement of having a wing to provide lift.
2. Follows the existence (or not) of a fuselage, resulting to an aircraft with fuselage or a flying wing.
3. Next, the type of fuselage is defined, i.e. a conventional ('monolithic') fuselage or a twin boom fuselage aircraft is obtained.
4. The existence (or not) of a horizontal stabilizer, distinguishing the type of stabilizer, is the next fundamental selection.
5. The longitudinal position of the stabilizer (forward or aft).
6. Its vertical position, relative to the fuselage (conventional horizontal tail or T-shape tail).
7. The existence and number of vertical fins.
The position of the propeller (forward or aft).
9. And finally the selection (or not) of all moving control surfaces generate more aircraft geometries.
These selections are presented in Fig. 5 . Hence, a multitude of basic aircraft geometries is generated, described by a hierarchical coding composed as a series of 0's and 1's, which were used as inputs into the appropriate numerical models defining the aircraft and estimating its relevant attributes. For example, an aircraft with monolithic fuselage, horizontal tail, one vertical fin, a pusher propeller and no all moving control surfaces would be coded as 111110110, a flying wing with a pusher propeller as 100000010 and an aircraft with a twin boom fuselage, inverted V-shape tail, pull propeller as 110011000.
This nine digit representation of a large number of aircraft geometric topologies allows for the shape definition to be input in the design models, which are then scaled through the use of appropriate design variables, such as wing span, wing aspect ratio, horizontal aspect ratio etc. By employing a large number of different UAS configurations, the designer considers numerous advantages and disadvantages of each design choice, identifying a different optimal design depending on the user's preferences and priorities. 
B. UAS Design Generation and Analysis
The aircraft design generation is performed in four steps:
1. Aircraft sizing, including structural analysis for basic structural components, drag calculations, engine performance and propulsion analysis, weight and balance calculations and aerodynamic analysis.
2. The acquisition cost analysis, using the design parameters, product definition and geometry, along with the material and labor cost rates to calculate the UAS unit and total program cost.
3.
The operational simulation analysis model, calculating the maintenance lifecycle cost and losses due to unreliability.
4.
The simulation survivability analysis model, providing estimates of the combat damage cost and associated UAS battle losses based on the design parameters, mission/sorties and battle damage rates.
In lifecycle cost modelling, it was assumed that the failures due to lack of reliability and scheduled maintenance, along with the survivability related combat damages are the governing factors defining lifecycle cost and operational missions' availability of the UAS fleet. These failures due to unreliability of critical subsystems/components are modelled by Weibull distributions and through Monte Carlo simulations lifecycle cost and survivability related damage cost and uncertainties are estimated.
The chosen design variables for the design alternatives generation are the wing aspect ratio, wing taper ratio, wing span, wing position, horizontal tail aspect ratio, fin aspect ratio, canard aspect ratio, for the canard configuration, battery capacity, since electric propulsion is assumed, and component reliability used for the lifecycle cost calculations, as the probability for any component to remain operative until its scheduled replacement.
III. VALUE MODELLING
Unless the goodness of any design can be modelled by a single attribute, usually of monetary type, an array of parameters of incommensurable units, reflecting performance, environmental and other even intangible concerns, depicts its overall worth. A value model assessing the preferences of the user objectively, with inputs of these parameters, serves as the corresponding objective function.
A. Multi-Attribute Value Model
Assuming preferential independence among the attributes, as defined by Keeney and Raiffa [6] , a novel additive multiattribute value model was developed, with scaling factors Ki representing the 'weighting importance' of each attribute within the set/subset it belongs and Vi the corresponding value functions of the associated attributes Xi:
The assignment of average levels of expectations with respect to the attributes by the user is the basis of this novel multi-attribute value model, used both for the scaling constants Ki and value functions Vi assessments. Thus, as Keeney [4] advocates, the alternative-focused process of selecting the best from what is readily available, is converted to a value-focused process of identifying needs, attributes and values of these attributes that give the user a 'neutral' response, a 50% satisfaction level, as described by Eres et al. [7] in the Concept Design Analysis (CODA) methodology. The major advantage of this value model is that it is an efficient and operational way to evaluate each design point, during the conceptual phase when only basic needs and vague requirements are known and the set of design alternatives is not finalized, with the minimum interaction with the user. Moreover, the objectivity of the evaluation is maintained by capturing the user's preferences, with criteria independent of information, other data available or the proposed alternative solutions.
1) Value Functions
Usually, most value functions use the a posteriori assignment of values to specific attribute levels, such as the best and worst obtained level, to perform some normalization. However, in this value model before the design space exploration starts and subject to the technology readiness level assumed, a priori the user provides some reference values for attributes that would give a 'neutral' response/satisfaction. These attribute levels are assigned a goodness value of ½ for maximizing or minimizing value functions and 1 for the optimizing value functions, analogous to the Taguchi Loss Function.
The exponential function was selected, as a ready to use value function Vi capable to capture the preferences of the user. This function can be adjusted for maximizing, minimizing or optimizing behavior towards a specific target value of each attribute, and can also be adjusted in shape (as concave or convex) reflecting the marginal evaluation of the user with respect to each attribute, i.e. willing to sacrifice more and more (convex) or less and less (concave) in terms of other attributes for the same positive increment of this attribute as its values increase. Depending on the previous selections, the ready to use value functions, presented in Table 1 , are employed. In these equations, X is the input attribute value for any design, n is the assigned value of this design attribute of ½ goodness, while Vin and Vf are the initial and final values of the value functions (set accordingly, depending on its type).
2) Weighting Factors Assessment
For the assessment of the weighting importance of each attribute, the AHP method was employed to perform pairwise comparisons between the attributes and to assess the consistency of the answers provided by the user. The construction of the AHP matrix was based on the question: 'How much better/more important is design attribute Ai than Aj?' assessing the ratio scaled strength of preference.
In Table 2 , following the methodology of AHP, several pairwise comparisons are performed, not only to compute the values of the weighting factors, but also to assess the consistency of the answers provided by the user.
The major advantage of this value model is that it is a very efficient and operational way to evaluate each design point, during the conceptual phase when basic needs and vague requirements are known, with the minimum interaction with the user. This multi-attribute value model, based on the quantitative assignment of neutral values of attributes as norms and the assessment of the user's preferences, allows for the objective evaluation of all design alternatives during the conceptual phase, independent of information
B. Multi-Attribute Utility Model
Multi-attribute utility theory (MAUT) is another appropriate tool for dealing with problems when more than one attributes are required to address the multiple objectives. For the UAS design framework, the process followed and all questions posed are as described by Keeney and Raiffa [6] . Preferential independence and utility independence were assumed, reducing the model to a multiplicative one with K and Ki scaling factors, while Ui is the utility function for each attribute Xi:
(9) Utility functions for all attributes were assessed through a series of certainty to lottery equivalents, after standard parametric families of utility functions were selected. The scaling factors of the multiplicative model were evaluated with independent equations, generated from certainty and probabilistic considerations. The utility model requires extensive interaction with the user to assess their risk attitude, which is not always possible, especially during the conceptual design phase. The decision maker has to be open-minded, interested and willing to think hard about consequences, when answering the preferences assessment questions, and if necessary, reconsider to achieve a consistent set of preferences. This multi-attribute utility model is far more complicated and elaborate than the value model, and can be used as a second and more thorough approach to the user's preferences and risk attitude against uncertainties.
IV. VALUE DRIVEN DESIGN INTEGRATION -DISCUSSION
The workflow execution and integration environment Isight [8] was chosen as the integration platform of all models because of its ability to execute simulation-based processes in a visual and flexible way, allowing use and control of various software components utilized in the design process and accelerating the design exploration and evaluation of the alternatives. The design space is explored without setting any constraints using the techniques of Design of Experiments (DoE), optimization and approximations, while post-processing tools perform sensitivity analysis and trade-off studies between Figure 6 Isight UAS Design Framework design parameters and results. The Isight model used in the value driven UAS design framework is shown in Fig. 6 .
The design space exploration aimed at maximizing value or utility index, depending on which value model was used, or alternatively optimizing some critical attribute, such as operational surveillance time, maximum endurance/maximum range achieved, or total lifecycle cost. The preferences/priorities of the user, as reflected in the value/utility models, are critical for the identification of the optimal design and can indeed provide different results. Thus, based on a user with 'balanced' priorities between performance (endurance, range) and lifecycle cost (acquisition and throughlife) and a 'military' user, focusing mostly on maximizing survivability, minimizing UAS detectability and maximizing data collection capabilities, different aircraft optimal designs were obtained. For a user with 'balanced' priorities an aircraft with V-shaped tail and wing span of 1.5m was identified as optimal, whereas for a 'military' user the UAS with T-shaped tail and a wing span of 1.25m was the optimal configuration.
Based on the user's specific preferences, dominant aircraft configurations/geometries maximizing value or utility index are identified, as in Fig. 7 . The monolithic fuselage, V-shape tail pusher propeller configuration, followed by the monolithic fuselage, Y-shape tail, pusher propeller configuration and monolithic fuselage, T-shape tail, pusher propeller configuration are dominating in terms of both value and utility indices. It is also noted that, apart from some minor differences, the same trends are observed, and the value model is in close agreement with the utility model. The differences observed in the numerical results of value and utility indices are caused by the different multiplicative utility and additive value models used.
Additionally, the optimum range of design variables was obtained, while surface plots demonstrate the effect of design variables or other parameters on the response, as in Fig. 8 . Both value and utility models point to selecting the same ranges of design variables, which for the specific user's preferences are a high wing AR of 11-12, a wing span around 1.4m, a maximum battery capacity as expected of 9.5-10 Ahr, and intermediate scheduled (components') replacement intervals, while for some design variables with small influence, such as fin aspect ratio and horizontal tail aspect ratio, their optimal ranges are not clear, with the value model suggesting a horizontal tail aspect ratio of around 3.5 while the utility model an aspect ratio of around 4.5. Alternatively, optimizing for some critical aircraft attribute: the twin boom, inverted V-shape tail and tractor propeller configuration was identified as the dominant both for operational surveillance time when flying at design speed and total lifecycle cost. For maximum endurance, the flying wing with pusher propeller aircraft was found as expected to be the dominant one with wing aspect ratio of 12 and wing span of 1.25m, while for maximum range, a flying wing, pusher propeller configuration with wing aspect ratio of 6 and wing span of 1.25m is the optimum one.
Moreover, the multi-attribute value model is validated by providing analogous results with the multi-attribute utility model and can address effectively the user's preferences. Both models identify the same aircraft configurations as dominant in terms of maximizing value or utility index, while in the surface plots, they capture similar effects of design variables on the response, value or utility. So far, the main objective of this research has been to create a framework that will apply the value driven design philosophy in the conceptual design phase of a defense UAS. The whole process of engineering design is converted into a multi-criteria decision making analysis while considering the following aspects:
• The conceptual VDD framework generates, defines and analyzes the aircraft design points, following a geometric topologies parameterization and calculates the value associated with each design based on the user's needs or preferences.
• The VDD framework, performing an extensive design exploration and multidisciplinary design optimization, achieves automated design identification by relaxing all requirements and maximizing the value/utility objective function, as advocated by the VDD.
• The multi-attribute value model is successfully employed as a basic model during the conceptual phase design, capturing the user's needs as fundamental objectives defining the set of optimal design alternatives, framing and guiding engineering design towards the right direction.
• The multi-attribute utility model has manifested the extensive interaction with the user, required to establish and assess their preferences concerning the consequences. This model could be used as a second and more thorough approach to the user's preferences and risk attitude against uncertainties, once the list of the design alternatives is finalized.
Current and future work includes the application of this framework in a practical case to design a UAS, capturing user's preferences/needs and trade-offs between them, and assessing alternative aircraft configurations.
